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REVIEW 



Persisters, persistent infections and the Yin-Yang model 

Ying Zhang^'^ 

Persisters are a small fraction of quiescent bacterial cells that survive lethal antibiotics or stresses but can regrow under appropriate 
conditions. Persisters underlie persistent and latent infections and post-treatment relapse, posing significant challenges for the 
treatment of many bacterial infections. The current definition of persisters has drawbacks, and a Yin-Yang model is proposed to 
describe the heterogeneous nature of persisters that have to be defined in highly specific conditions. Despite their discovery more than 
70 years ago, the mechanisms of persisters are poorly understood. Recent studies have identified a number of genes and pathways that 
shed light on the mechanisms of persister formation or survival. These include toxin-antitoxin modules, stringent response, DNA repair 
or protection, phosphate metabolism, alternative energy production, efflux, anti-oxidative defense and macromolecule degradation. 
More sensitive single-cell techniques are required for a better understanding of persister mechanisms. Studies of bacterial persisters 
have parallels in other microbes (fungi, parasites, viruses) and cancer stem cells in terms of mechanisms and treatment approaches. 
New drugs and vaccines targeting persisters are critical for improved treatment of persistent infections and perhaps cancers. Novel 
treatment strategies for persisters and persistent infections are discussed. 
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BACTERIAL PERSISTERS 

The phenomenon of bacterial persisters was first discovered by Gladys 
Hobby^ in 1942, when penicillin was found to kill 99% of a streptococ- 
cal culture, leaving 1% of the bacterial population intact. This surviv- 
ing 1% of the bacterial population not killed by penicillin was 
subsequently termed 'persisters' by Joseph Bigger^ in 1944. The ori- 
ginal definition of persisters by Bigger refers to a small population of 
dormant or non-growing bacteria that have non-heritable tolerance to 
penicillin but have the capacity to regrow and remain susceptible to 
the same antibiotic. This definition has drawbacks that recently are 
becoming increasingly recognized for several reasons. First, earlier 
studies did not appreciate the heterogeneity of persisters,^'^ and it is 
only recently that persisters are found to be quite heterogeneous.''^"' 
Second, Bigger's definition of persisters does not specify antibiotic 
exposure time and the time required to resume growth upon removal 
of antibiotics and culture media involved in cultivation. In fact, per- 
sisters are found to be relative,^ and the age of bacterial culture, the type 
of antibiotics, antibiotic concentrations, length of antibiotic exposure, 
medium composition and aeration during antibiotic exposure can all 
affect the level of persisters.'''"'"'^ This means that persisters in one 
condition may not be persisters in another condition. Third, the current 
persister definition is based on grovrth in fresh medium,^''^ often quan- 
tified via colony-forming unit assays in which the number of bacteria 
growing on agar plates or, less commonly, where growth in liquid medi- 
um is monitored. This persister definition has limitations as it excludes 
viable but non-culturable''' bacteria or dormant bacteria, which do not 
readily grow under 'normal' culture conditions but can grow under 
some conditions (upon extended incubation in liquid medium'^ or 
changing medium composition'" or addition of resuscitation factors'^) 



and are clinically relevant as part of the persister continuum (see 
below). Thus, a new persister definition is required to address the 
above issues not covered by the current definition. The new definition 
of persisters can be as follows: persisters refer to genetically drug 
susceptible quiescent (non-growing or slow growing) organisms that 
survive exposure to a given cidal antibiotic or drug and have the 
capacity to revive (regrow or resuscitate and grow) under highly spe- 
cific conditions (see above for conditions affecting persister counts). 
The definition of persisters may be extended or broadened to include 
cidal stresses in place of cidal antibiotics in which case antibiotics can 
be viewed as a type of the cidal stress. 

A Yin-Yang model is proposed to describe a dynamic and complex 
heterogeneous bacterial population consisting of growing (Yang, in 
red) and non-growing persister cells (Yin, in black) that are in varying 
growth and metabolic states in continuum'''^ and can interconvert in 
vitro and in vivo (Figure 1). This Yin-Yang model is compatible with 
the above new definition of persisters and can account for the hetero- 
geneity of persisters. Although there may not be persisters in an ac- 
tively growing log phase culture initially, when the growing population 
(Yang) reaches a certain age and density, a small population of non- 
growing or slowly growing persisters (Yin) can emerge and increase in 
numbers as the culture ages.'^ The persister population (Yin) is het- 
erogeneous and composed of various subpopulations wdth varying 
metabolic states in continuum in varying hierarchy, from shallow to 
deep persisters, which can encompass viable but non-culturable and 
various dormant variants with or without morphological changes as 
part of the persister continuum. Persisters not killed by antibiotics 
could revert to replicating forms (reverters) or damaged persister 
forms, which under appropriate conditions may have varying degrees 
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Figure 1 The Yin-Yang model of persisters and latent infections.^'^'^^ In a growing 
population of bacteria (Yang, red), there is a small population of non-growing or 
slowly growing persisters (Yin, black). In the persister population, there is a small 
number of growing bacteria (reverters). The persister population (Yin) or the grow- 
ing population (Yang) is again heterogeneous and composed of various subpopu- 
lations with varying metabolic or dormant states in continuum in varying hierarchy 
(expressed by color from light to dark). The black spot in Yang (red) is connected to 
and the root of the Yin half (black), and the red spot in Yin, reverters, is connected 
to the Yang half (red). In the case of TB, INH kills growing bacteria (Yang) and RIF 
kills some growing bacteria, as well as slowly growing persisters, whereas PZA kills 
only persisters. Persisters not killed by antibiotics could revert to replicating forms 
(reverters) and cause relapse. The Yin-Yang model can be used to better describe 
latent infections (Yin) and active disease (Yang) at the host level and their respect- 
ive interconversions.^'^^ As drug treatment and immune responses inhibit or kill 
the growing bacteria (Yang) and some of the persisters, some persisters (Yin) still 
remain and the infection becomes latent (Yin), but may revert and cause relapse or 
sustained chronic infections with symptoms. In a hierarchical manner and among 
heterogeneous persister cell populations, there are a few true 'stem' persister cells 
or mother cells (black spot in Yang) that have the capacity to derive other persisters 
(Yin) and initiate disease or cause reactivation. The Yin-Yang model proposes use 
of drugs targeting both replicating and non-replicating cells in combination or 
sequentially in a dynamic fashion and in cycles for better treatment of persistent 
bacterial infections. This Yin-Yang model can also be applied to other microbes, 
such as fungi, parasites, viruses, and their infections and even cancer and the 
respective treatments of infections and cancer.^^ 

of recovery or reversion and cause relapse or prolonged infections with 
symptoms. The Yin-Yang model can also be applied to genetic drug 
resistance (Yang resistance) in growing bacteria where bacteria grow 
in the presence of antibiotics due to spontaneous mutations or 
mobile genetic elements (plasmid or transposon), as well as phenotypic 
resistance'^'"* or antibiotic tolerance (Yin resistance, non-inheritable), 
in non-growing persisters due to physiological or epigenetic changes 
(gene expression, protein or DNA modifications). The two types of 
resistances may overlap and interconvert. The Yin-Yang model can 
also be used to explain varying hierarchy or spectrum of latent infec- 
tions (Yin) and active disease (Yang) at the host level and their respec- 
tive interconversions.^ This Yin-Yang model can also be applied to 
other microbes besides bacteria, such as fungi, parasites, and viruses 
(viral infected cells), and their infections and even cancer and cancer 
treatments (see below). A list of studies and observations that sup- 
port or are consistent with the Yin-Yang model is presented in Table 1 . 

The Yin-Yang model simplifies and provides a unified model for 
the complex persister phenomenon and heterogeneity and hierarchy 
of persisters at the bacterial level and also persistent infections at the 
host level (see below). In addition, the Yin-Yang model explains the 
current practice of using isoniazid (INH), a drug only active against 
growing mycobacteria, for the treatment of latent tuberculosis (TB) 
infection as well as the current practice of two phase TB therapy where 



the second phase continues use of INH after the first phase of treat- 
ment with four drugs (INH, rifampin, pyrazinamide and ethambutol), 
which should have killed all growing bacteria already (Table 1). In 
addition, the Yin-Yang model proposes the use of multiple drugs 
targeting different bacterial populations, both persisters (Yin) and 
growing bacteria (Yang) for improved therapeutic effect. (See 
Figure 1 for more details.) 

Persisters have been divided into two groups. Type I persisters 
(non-growing persisters formed in response to external triggers such 
as starvation) exit slowly from the stationary phase and do not grow in 
numbers from log phase to stationary phase. Type II persisters (slowly 
growing) are formed by phenotypic switching in the absence of 
external triggers and can switch back to normal phenotype and grow 
in numbers during the growth phase.^" The classification of type I and 
type II persisters is useful in characterizing persisters; however, it is 
worth noting that persisters are much more heterogeneous than the 
terms type I and type II suggest because either type I or type II per- 
sisters themselves again consist of different heterogeneous persisters 
within each category and the two types of persisters may interconvert 
as described in the Yin- Yang model. 

Persister phenomenon is present in virtually all bacterial species, but 
the degree of persistence may vary among species as well as within 
species.^' In addition, persisters can adopt varying sizes and shapes 
from regular morphology to altered morphologies (granular or coc- 
coid) as found in old cultures, biofUms and L-form bacteria.**"'*'^^'^^ L- 
form bacteria are atypical, pleomorphic cell wall-deficient forms that 
are formed as part of the life cycle of stressed bacteria and have been 
implicated in persistent infections.^^ Similarities between L-form bac- 
teria, biofilm bacteria and persisters have been found^^ and are dis- 
cussed below (see the section on 'MECHANISMS OF PERSISTER 
FORMATION AND SURVIVAL'). 

Persisters and multidrug tolerance 

Persisters show tolerance to various bactericidal antibiotics, a property 
called multidrug tolerance (MDT). It was proposed that MDT in 
persisters is due to the prevention of 'corruption' of drug targets by 
antibiotics in persister bacteria,'^ but there is no evidence to support 
this hypothesis, and detailed mechanisms involved in MDT are not 
well understood. Recent studies have shown that there are multiple 
mechanisms of MDT. These mechanisms include reduced production 
in persisters of reactive oxygen species (ROS) influenced by the levels 
of antioxidant enzymes,^"*'^^ inhibition of macromolecule synthesis by 
toxin-antitoxin (TA) modules,^'' increased suppression of cellular 
metabolism mediated by PhoU'' and the presence of defects in 
trans-translation pathway that confer a broad defect in MDT.^^ 
Decreased antibiotic uptake was recently shown to be involved in drug 
tolerance to fluoroquinolones, rifampin and Unezolid in nutrient 
starved Mycobacterium tuberculosis.^^ It remains to be seen whether 
reduced permeability to antibiotics is also found in other bacterial 
species as a mechanism for MDT in persisters. Although antibiotic 
tolerance in persisters is thought to be phenotypic, it is possible that 
under some conditions, antibiotic tolerant persisters may acquire 
mutations and develop genetic resistance. Similarly, a genetically anti- 
biotic resistant mutant (Yang resistance) could also develop persisters 
with tolerance (Yin resistance); thus, genetic resistance and tolerance 
may interconvert and overlap.^ 

Stress and persisters 

Because persisters are tolerant to not only antibiotics but also other 
stresses, susceptibility to stresses of mutants is often tested as part of 
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Table 1 Studies and observations that support or are consistent with the Yin-Yang model (see Figure 1) 

Setting 



Organisms 



References 



Inclusion of pyrazinamide that kills persisters with other drugs that kill growing bacilli shortens TB treatment in mice and humans 
Two phases of TB therapy where the first phase involves a combination of INH, RIF, EMBand PZA followed by the second phase 

of only INH and RIF. INH is a drug that only kills growing bacteria and its inclusion in the second phase of treatment is to kill the 

'reverters' from the persisters not killed by the first phase treatment 
Use of isoniazid, a drug that is only active for growing bacteria, for treatment of LTBI; during LTBI, there are growing TB bacteria 

(reverters) that are susceptible to INH 
Spectrum or varying levels of persistence during latent TB infection and treatment 

Rapidly growing bacteria can give rise to persisters, whereas stationary phase bacteria can have cryptic grow/th 
Heterogeneity of persisters as demonstrated by varying antibiotic exposure times: 'shallow' persisters and 'deep' persisters 
Cancer stem cell drug candidates used in combination with current cancer drugs improve cancer treatment in mice 



M. tuberculosis 
M. tuberculosis 



M. tuberculosis 

M. tuberculosis 
E. coll 
E. coll 

Breast cancer 



78,106-108 
8,109 



8,109 

51,106 
12,110 
4,9 

111-113 



Abbreviations: EMB, ethambutol; LTBI, latent TB infection. 



the persister phenotypes in evaluating persister-defective mutants. For 
example, phoUmd sucB mutants with defects in persisters are highly 
susceptible to not only antibiotics but also a variety of stresses.'''' On 
the other hand, stresses can slow and inhibit bacterial growth, resulting 
in lower metabolic status and facilitates persister formation. Nutrient 
(amino acid or carbon) depletion has been shown to induce drug 
tolerant persisters.^' The carbon starvation mediated persister forma- 
tion is mediated through activation of the ppGpp-SpoT metabolic TA 
module, which then leads to inhibition of DNA-negative supercoiling, 
a process that is affected by FIS, IHF, HU and SeqA DNA-binding 
proteins that participate in ppGpp-dependent persister formation 
through modulating DNA negative supercoiling.^"'^' However, the 
persisters induced by transient nutrient depletion seem to lack the 
sustainable, multidrug-tolerant phenotype of persisters in the station- 
ary-phase population.^' Heat, acidic pH and oxidative stresses have 
been shown to induce persister formation.^^'^^ Notably, bacterial per- 
sisters can tolerate antibiotics by reducing production of hydroxyl 
radicals.^'' Although defects in the stringent response genes relA 
and spoT are known to cause decreased antibiotic tolerance,^' this 
phenotype was recently shown to be mediated through reduced pro- 
duction of the antioxidant defense enzymes superoxide dismutase and 
catalase.^^'^* Furthermore, inactivation of enzymes involved in hydro- 
gen sulfide (H2S) production in various bacteria rendered the bacteria 
highly sensitive to a variety of antibiotics due to loss of H2S antagon- 
ism of the reactive oxygen species induced by antibiotics.''^ Like H2S, 
NO has also been shown to induce antibiotic tolerance through anti- 
oxidative defense.^^ Low concentrations of antibiotics, such as cipro- 
floxacin, which presumably causes reactive oxygen production and 
reduced membrane potential via toxin TisB, could induce persister 
formation.^^ More recently, antibiotics, such as the RNA synthesis 
inhibitor rifampin, protein synthesis inhibitor tetracycline and energy 
inhibitor CCCP, were shown to induce persister formation and enrich 
the proportion of persisters in cultures.^* Arrested protein synthesis 
caused by the above diverse stresses seems to be involved in persister 
formation.^* 

Persister assays and models 

The current persister assays consist of exposing bacterial cultures or 
cells to bactericidal antibiotics (cell wall inhibitors, aminoglycosides or 
quinolones) for a short period of time (usually 2-6 h) and then scoring 
the number of surviving bacteria by colony-forming unit assay.^'''"' 
Some studies added antibiotics directly to stationary phase cultures, 
which has more persisters not killed, whereas others resuspended or 
diluted stationary phase cultures in fresh medium containing antibio- 
tics,'" which typically leads to fewer persisters due to elevated meta- 
bolic activity of stationary phase bacteria being resuspended in fresh 



medium. These different conditions affect persister counts. In addi- 
tion, the type of antibiotics, antibiotic exposure time, antibiotic con- 
centrations, age of cultures, aeration and culture media all affect 
persister numbers.'*''''" The recovery time after antibiotic exposure 
may vary among persister cells.^''" An automated method, ScanLag, 
was recently developed to detect delayed growth of persisters and is 
useful for measuring the slow recovery of persisters.''^ There is a tend- 
ency in the field toward frequently using short antibiotic exposure 
times of no more than 6-8 h in persister assays. It must be emphasized 
that while a short exposure time to antibiotics is sufficient for dem- 
onstrating the presence of persisters, it may not be sufficient to dem- 
onstrate persister defects in some mutants that are obvious only after 
prolonged antibiotic exposure.'''' In fact, the original studies by Hobby 
and Bigger used penicillin exposure times of 24 h or 48 h and even up 
to 3-11 days.''^ If one understands the enormous heterogeneity of 
persisters, as expressed in 'shallow' and 'deep' persisters' and best 
captured in the Yin-Yang model, ^"'^ one may not need to be so dog- 
matic about sticking to short antibiotic exposure times in persister 
assays. In addition, although the original persister phenomenon was 
demonstrated with bactericidal antibiotics, stress conditions have also 
been used as an equivalent to antibiotics in persister studies.'''''^^''''' It is 
likely that there is overlap between antibiotic persisters and stress 
persisters despite individuality or heterogeneity and specificity of per- 
sisters to particular conditions. This can be addressed using single-cell 
techniques such as utilizing a microfluidic device (see below). In addi- 
tion, one has to determine which persister model among different 
models to use and whether one persister model is more relevant than 
others in persister studies. Finally, it must be realized that in vitro 
persisters are not the same as in vivo persisters due to differences in 
the environments that the bacteria reside in and the presence or 
absence of antibiotic exposure. Thus, a drug that can kill all in vitro 
persisters is not guaranteed to do so in vivo. Nevertheless, the in vitro 
persisters may share some common features of in vivo persisters and in 
vitro persister models should stiU have value in persister studies as 
surrogates of in vivo persisters. Even in vivo, persisters are not all the 
same and are subject to hierarchy and heterogeneity of persisters as 
expressed in the Yin-Yang model (Figure 1). 

Persisters and single-cell analysis 

Although persister cells were found to be dormant or non-growing at 
the population level in the 1940s, the presence of single persister bac- 
teria tolerant to antibiotics was demonstrated convincingly only 
recently, using a single-cell microfluidic device.^" There is recent inter- 
est in the use of single-ceU techniques for the study of persisters.^""''^ 
The single-cell techniques are powerful for demonstrating tolerance to 
cidal antibiotics in a single persister,^" yet so far no transcriptomic or 
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proteomic data are available for single persister cells due to the lack of 
sensitivity of the current methods. With increasing appreciation of the 
heterogeneity of persisters,^'^'^ the single-cell technique also faces 
some challenges as to which persister to study and whether the per- 
sister cell obtained in one in vitro system would be representative of 
other persisters in the population in vitro and persister cells in vivo. 
Recently, microfluidics studies revealed that Mycobacterium smegma- 
tis cells expressing lower levels of KatG expression were tolerant to 
INH and grew in the presence of INH.''^ INH is a prodrug that needs to 
be activated by the KatG enzyme, mutations of which cause INH 
resistance.'"' It was proposed that stochastic expression of KatG lead- 
ing to various bacterial populations expressing different amounts of 
KatG can lead to different INH tolerant persister populations.''^ 
Although this in vitro model explains varying susceptibility or tol- 
erance to INH as a function of the level of KatG expression in an 
artificial system, this may not be used as an argument against persisters 
being non-growing or dormant. It remains to be determined if this is a 
relevant persister mechanism for generation of real INH persisters in 
vivo or even in vitro in stationary phase cultures. 

PERSISTERS, LATENT INFECTIONS AND PATHOGENESIS 

Persisters pose significant challenges for the treatment of many chronic 
and persistent bacterial infections such as TB,* Lyme disease*^ and 
urinary tract infections (Table 2). Persisters underlie latent infections, 
chronic and recurrent infections, biofilm infections and lengthy therapy 
of certain bacterial infections, such as TB, and post-treatment persis- 
tence and relapse.'*'''"''*''**''*' While the most attention has been given to 
genetic drug resistance either in bacteria, viruses or even cancer, per- 
sistence or tolerance to antibiotics (Yin resistance) is equally important 
to, if not more important than, genetic drug resistance (Yang resistance) 
because prolonged and repeated treatment of persistent infections may 
lead to genetic drug resistance, which could occur during TB treatment. 

Persistent and latent infections are more complex than previously 
thought and are found to be of varying hierarchy^" and in continuous 
spectrum^^' and can be expressed in the Yin-Yang model (Figure 1).* 
Persistent or latent infections can be pre-antibiotic persistent or post- 
antibiotic persistent. Pre-antibiotic persistence that is formed under 
the pressure of the host immune responses refers to initial latent 
infection before the development of active disease and antibiotic treat- 
ment, whereas post-antibiotic persistence refers to the presence of 
persisters that survive antibiotic treatment and can relapse after treat- 
ment. Pre-antibiotic persistence may not be the same as post-anti- 
biotic persistence, which may be more similar to 'deep' persistence. 



In addition, microbial variants with increased persistence or antibiotic 
tolerance may develop during treatment as observed in chronic 
Pseudomonas aeruginosa infection in cystic fibrosis patients,^^ but 
the molecular basis involved is unclear. 

Persistence seems to be a widespread phenomenon. However, dif- 
ferent bacterial species seem to have different capacities for persistence 
in vitro and in vivo such that bacterial infections have varying degrees 
of difficulty to treat or cure (Table 2). For example. Streptococcus 
pneumoniae seems to have poor ability to form persisters such that 
its cure by a single antibiotic can be achieved readily in a week or two. 
In addition, immune clearance of a small number of residual S. pneu- 
monia seems effective, so there is usually no relapse after antibiotic 
treatment. In contrast, some bacterial species, such as M. tuberculosis, 
cause a chronic persistent infection that takes at least 6 months to cure 
while the immune system seems to be less adequate to clear residual 
persisters left over from chemotherapy. More recently, Borrelia burg- 
dorferi has been demonstrated to have a persistence problem despite 
antibiotic treatment using mouse and monkey models,^'''"'* which may 
provide some explanation for persisting chronic Lyme disease 
observed in some patients.''^ In addition to bacterial factors that vary 
in persistence, the host susceptibilities that vary among individuals 
play a role in the degree of persistence during infection as well. These 
variations at the levels of bacterial persistence and host defense 
mechanisms can have implications in treatment of bacterial infections 
and might explain why some individuals develop chronic disease and 
relapse after treatment, whereas others seem to have a stable cure. A 
variety of conditions, such as host immune and hormonal factors, 
physical and psychological stresses, and co-infections, such as HIV, 
measles and mixed bacterial infections, might cause relapse or reac- 
tivation of latent infections. 

It is possible that not all bacterial cells of a given pathogenic species 
can cause successful infections. We hypothesize that 'seeding' with 
persisters or mother cells (dormant cells where heterogeneous persis- 
ters are derived) may be critical for successful establishment of infec- 
tion and disease. In addition to the metabolic status of the bacterial 
cells that enter the host, the heterogeneity of host phagocytes might 
also influence the outcome of infection. Thus, interactions of the 
heterogeneous nature of populations of bacteria, such as M. tuber- 
culosis, and of the macrophages that ingest them might cause a diverse 
range of possible outcomes. These outcomes include unsuccessful 
infection, successful infection with a transient immune response (lost 
after some time due to bacterial clearance), successful infection with a 
stable prolonged immune response and successful infection with an 



Table 2 Diseases with known bacterial persistence problems 


Disease 


Pathogen 


Treatment 


Tuberculosis 


M. tuberculosis 


Isoniazld, rifampin, pyrazinamide, ethambutol 


Syphiiis 


Treponema pallidum 


Penicillins, doxycycllne, macrolide 


Lyme disease 


Borrelia burgdorferi 


Doxycycline, amoxicillin 


Urinary tract infections 


E. coll, Enterococcus, Pseudomonas aeruginosa, 


Trimethoprim, amoxicillin, nitrofurantoin, quinolones, doxycycline, 




Chlamydia, Mycoplasma genitalium 


macrolide 


Peptic ulcer 


Helicobacter pylori 


Amoxicillin, clarithromycin, metronidazole, omeprazole, doxycycline, 






bismuth 


Bacteremia/sepsis 


Staphylococcus aureus. Group B Streptococcus 


Various antibiotics 


Endocarditis 


Streptococcus, Staphylococcus, Enterococcus 


Penicillins, vancomycin 


Otitis media 


S. pneumoniae, Haemophilus influenzae, Moraxella 


Amoxicillin, azithromycin 




catarrhalls 




Brucellosis 


Brucella abortus 


Doxycycline, rifampin 


Biofilm infections, periodontitis, 


Various pathogens 


Refractory to antibiotic treatment 


prosthetic device infections 
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immune response and disease pathology. This hypothesis needs to be 
addressed with animal models in future studies. At the level of gran- 
uloma lesions, there might be a varying degree of heterogeneous gran- 
ulomatous tissue correlating to the degree of inflammation, ranging 
from quiescent granulomas with low inflammation to more active and 
dynamic granulomas with more active inflammation even in the same 
lungs, and over time. Recently, it has been shown that there are varying 
degrees of latent TB infection, ranging from nearly active TB to a latent 
state with a remote chance of reactivation.^^ 

At the host level, it is possible that infection of host stem cells (or 
stem-like cells or progenitor cells, including quiescent resting memory 
cells) by pathogens, such as the intracellular bacteria M. tuberculosis 
and Brucella abortus, and viruses, such as HIV^^ and HBV,^'* might 
contribute to increased persistence problems and protracted or 
chronic disease courses due to the longevity of the stem cells. It is of 
interest to note that infection with M. leprae,^'' which causes chronic 
leprosy, could reprogram the host cell into a stem cell-like phenotype 
that survives a long time, though it may not be easy to distinguish if the 
infected cell is stem ceU-like before or after infection. More recently, it 
was shown that M. tuberculosis could reside in bone marrow CD271 ^ I 
CD45~ mesenchymal stem cells, which could provide a niche for 
dormant infection.''* It remains to be seen if the chronicity of infec- 
tions by certain pathogens, such as mycobacteria, could involve host 
stem cells as a niche for perpetuation of the infection. 

MECHANISMS OF PERSISTER FORMATION AND SURVIVAL 

Mechanisms of persister formation are not well understood as persis- 
ters are elusive, small in number, heterogeneous, and transient and can 
change with environment, which poses significant challenges to their 
study. Epigenetic factors can promote bacterial persister formation 
through bistable gene expression,^^^ mediated through stochastic or 
induced expression of persister related genes,*" or through changes in 
DNA modifications or signaling protein modifications. Thus, permu- 
tations at the levels of expression of multiple persister genes (Table 3), 
regulatory RNA, modifications of DNA and post-translational 
modifications of proteins could produce enormous diversity and het- 
erogeneity of persisters as expressed in the Yin-Yang model ( Figure 1 ) . 
Although senescence or aging has been proposed as a persister mech- 
anism,*' aging itself can hardly be a mechanism of persisters as aging 
must in turn be acting through certain cellular processes, which could 
involve persister mechanisms. Although various persister genes have 



been identified (Table 3), what and how cells sense to form persisters 
remain unclear. 

The approaches used to identify persister genes are worth mention- 
ing. Although persisters are caused by epigenetic changes, mutagenesis 
has been traditionally used to isolate genes involved in persister forma- 
tion and has led to identification of a range of persister related genes, 
such as hipA, relA, phoU, sucB and ubiF, just as sporulation is an 
epigenetic trait that has become reasonably well understood using 
the mutagenesis approach. The mutagenesis approach has been used 
to identify persister-related genes whose mutations caused either 
reduced persistence or increased persistence. Mutations that cause 
decreased persistence include relA,^^ phoU,'^ sucB and ubiF.'^ 
Mutations that cause increased persistence map to the following genes: 
hipA encoding toxin,^ metG encoding methionyl-tRNA synthetase, 
tktA encoding transketolase A and glpD encoding glycerol-3-phos- 
phate dehydrogenase.*^ In an overexpression study, glpD and 
glpABC encoding glycerol-3-phosphate dehydrogenase and plsB 
encoding glycerol-3-phosphate acyltransferase were found to confer 
increased persistence.*' It is intriguing that glpD had opposite pheno- 
types in the two different studies.*^'*' However, the mutagenesis 
approach is only useful for identifying non-essential dominant genes 
that have a major effect on the phenotype and is less useful for iden- 
tifying a phenotype that is determined by multiple genes of minor 
effect. The fact that certain mutagenesis screens to identify persister 
genes did not provide much insight into persister mechanisms 
does not invalidate this approach to studying persisters. Factors that 
might have contributed to failure to identify persister genes by the 
transposon mutant approach might include screening a partial mutant 
library, short antibiotic exposure and aeration during antibiotic 
exposure. The duration of antibiotic exposure in the mutant screen 
is critical. A short exposure of 6 h with ofloxacin was used to screen the 
Escherichia coli KEIO mutant library and identified many genes 
involved in stress responses and global regulation with minor or 'shal- 
low' persister phenotypes.''^ It is unrealistic to expect a complete loss of 
persisters (a 'persisterless' phenotype) by a mutant in a screen with a 
brief antibiotic exposure of a few hours, especially when using station- 
ary phase cultures. A longer antibiotic exposure or higher antibiotic 
concentrations may be needed for identification of true or 'deep' 
persister genes and, indeed, has led to the discovery of phoU,'^ sucB 
and ubil^ as persister genes. It is likely that different persister genes will 
be identified at different antibiotic exposure times. However, a poten- 
tial limitation of the use of a deletion mutant library for persister 



Table 3 Persister mechanisms in bacteria 



Persister pathways 



Genes involved 



Mechanisms/features 



References 



Toxin-antitoxin modules 

Alternative energy production 

Stringent response 

SOS response/DNA repair 

and protection of DNA 
Antioxidant defense H2S, 

NO 

Enhanced efflux or 

transporter activity 
Phosphate metabolism 



Trans-translation 
Signaling pathways 



hipBA, relBE, mazEF, tisAB, 

mqsR, hhA, hokA, cspD, pasT 
sucB, ubiF, gIpD, pIsB, tgsl 
relA, dksA 

lexA, recA, recB, xerC, xerD, dps 
Superoxide dismutase, catalase 
Various 
phoU 



ssrA, smpB, rpsA 

comE/comC; tnaA, oxyR, flu, pspBC 



Toxin-antitoxin modules inhibit protein or nucleic acid synthesis; 

Lon protease can degrade the antitoxin to regulate persister formation 
Provision of energy under stress conditions 
ppGpp synthesized by RelA inhibits RNA synthesis 
Repair of DNA damage caused by ROS 

Removal of ROS and hydroxyl radical 

Removal of toxic substances or antibiotic buildup, underlying 

tolerance to antibiotics and stresses 
PhoU is a negative regulator of phosphate uptake, mutant has 

dramatic defect in persister phenotype; 

shutdown of metabolic activity 
Degradation of toxic proteins and mRNA and recycling of ribosomes 
Quorum sensing peptide or homoserine lactone or indole, acting through 

TA or antioxidant defense OxyR and phage-shock pathways 



3,12,37,40,69,114,115 

9,63,116 

31,34,68,117 

29,118-120 

24,33,35,36 

33,121,122 



4,67,123 



27,81 

32,124,125 
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mutant screens is that compensatory mutations could mask the per- 
sister defective phenotype, which may lead to an inability to identify 
critical persister genes. Although microarray analysis has been used for 
profiling persister related genes,^'''''^ the data were obtained mostly on 
heterogeneous populations, which could mask the signals in indi- 
vidual or single persister cells. In addition, the genes involved in per- 
sistence are likely to vary according to the specific environment or 
models used in the study. These are the challenges facing studies aimed 
to identify persister genes. 

Although different bacterial species may differ in terms of their ability 
to form persisters, they share many common features and mechanisms. It 
is increasingly clear that multiple mechanisms of varying hierarchy and 
importance are involved in persister formation in different models of 
persistence (Table 3). Our comparative analyses of the pathways involved 
in persister formation and survival between E. coli and M. tuberculosis^ 
indicate that while persister genes and pathways may vary, the overall 
persister mechanisms and pathways in different bacterial species are lar- 
gely conserved (convergent evolution) (Table 3). In addition, the genes 
and pathways in persisters and biofUm bacteria and L-form bacteria 
have been found to overlap and share significant similarities,^^ which 
include SOS response and DNA repair, iron homeostasis, signaling, 
efHux/transporter, envelope/membrane stress, energy production, phos- 
phate metabolism, sulfur metabolism, signaling, phage shock proteins 
and protein degradation (protease and trans-translation). These findings 
suggest that biofikn bacteria, L-form bacteria and persisters are related 
entities that share common mechanisms. 

Given the recent advances in understanding persister mechanisms, 
it remains to be seen whether the in vitro identified persister mecha- 
nisms (Table 3) are operative and valid for in vivo persisters. Some 
persister genes, such as phoU und relA, that have been shown to be a 
persister gene in vitro^'^^ are also involved in virulence^* and persis- 
tence in vivof''''^^ Deletion of TA module PasTI, but not other TA 
modules, such as HipBA and HigBA, in pathogenic E. coli, was shown 
to have reduced persister formation and decreased virulence in mice.^^ 

PERSISTERS, L-FORM AND BIOFILM BACTERIA, AND CANCER 
STEM CELLS 

There are significant parallels between bacterial persisters and cancer 
stem cells. In cancer, there is a situation analogous and equivalent to 
bacterial persisters, termed 'cancer stem cells'. Cancer stem cells are 
defined as 'a small subset of cancer cells within a cancer that consti- 
tutes a reservoir of self-sustaining cells with the exclusive ability to 
self-renew and to cause the heterogeneous lineages of cancer cells that 
comprise the tumor.^° It was proposed that cancer stem cells resemble 
bacterial persister cells in 2007 (http://forms.asm.org/microbe/index. 
asp?bid551533),''' based on the common pathways between bacterial 
persisters, biofilm and L-form bacteria (cell wall-defective variants 
formed under cell membrane stress)^^'^^'^^ and cancer stem ceUs.^^'^^ 
In E. coli, L-form bacteria, which can be considered as a type of deep 
or true persisters (mother cells), occur at the frequency of lO^'-lO^ 
ceUs,^^ which is about two orders of magnitude less frequent than 
persisters. Like persister cells, cancer stem cells are also quite hetero- 
geneous and resist chemotherapy drugs and stresses and cause relapse 
and metastasis.''"^"* There is significant recent interest in the analogy 
between bacterial persisters and cancer stem ceUs.'^"'^ The above 
analyses'^'^^'^'' revealed that although the genes involved in the com- 
mon pathways between bacterial persisters, L-form and biofilm bac- 
teria, and cancer stem cells do not show significant homology, they 
have similar functions. Such parallels in bacterial persisters and cancer 
stem cells may not only help to shed light on their mechanisms via 



convergent evolution but also may allow common treatment strategies 
to be developed for more effective treatment of persistent infections 
and cancer in the future (see below). 

TAMING PERSISTERS: TREATMENT STRATEGIES 

While different bacterial infections seem to have different capacities 
for persistence and varying degrees of difficulty for treatment, their 
cure relies on the combined action of antibiotics and the host immune 
system. In addition, the type of drugs and the status of the target cells 
affect treatment outcome. Here it may be instructive to examine in 
some detail the interesting example of the unique TB persister drug 
PZA, which may shed light on the treatment of persistent bacterial 
infections in general and even cancers. PZA plays a key role in short- 
ening TB therapy from 9-12 months to 6 months by killing a subpo- 
pulation of persisters not killed by other TB drugs (Figure 1).^* PZA is 
an unconventional and paradoxical drug that acts only on non-grow- 
ing persisters at acidic pH.^*'^' Unlike common antibiotics that act on 
growing bacteria, PZA is completely dissimilar in that it has no activity 
against growing M. tuberculosis bacteria.'^^ In contrast to common 
antibiotics that inhibit cell wall, protein, and nucleic acid synthesis 
and are active only against growing bacteria, PZA inhibits energy 
production*" and the trans-translation process, which recycles ribo- 
somes and degrades toxic protein buildup under stress,*' and perhaps 
coenzyme A synthesis*^, which is required for survival of M. tuber- 
culosis persisters. It is these unique properties of PZA that are critical 
for killing persisters and shortening TB therapy. It is of interest to note 
that PZA also inhibits the quiescent malaria parasite in the mouse 
model*^ and is also active against E. coli ampicillin tolerant persis- 
ters.*"* Although there is considerable recent interest in developing 
antibiotics targeting persisters,'^'*^'** PZA is the only prototype per- 
sister drug so far that has been shown to improve the treatment of a 
persistent infection. Nevertheless, PZA validates an important prin- 
ciple that drugs targeting dormant persisters, when used in combina- 
tion with drugs that target growing organisms, are critical for 
shortening the treatment. The story of PZA has important implica- 
tions for developing future antibiotics and cancer drugs that target 
persisters and cancer stem cells to improve treatment of both persis- 
tent infections and cancers and perhaps even latent viral infections, 
such as HIV and HBV, which hide in quiescent stem-like cells, and also 
persistent parasites or fungi. 

In addition to the insights from the above example, several 
approaches should be explored to better control persisters. One 
approach would be to directly target persisters with drugs, but unfor- 
tunately all current antibiotics, except the TB drug PZA, are predo- 
minantly active against growing bacteria. Current antibiotics generally 
have no activity against persisters because these types of cells were not 
used during the screening. There is currently increasing interest in 
developing new drugs active against bacterial persisters. ^'*'''''*^ Some 
candidate compounds that are active against persisters* have been 
identified and, if they pass the safety and efficacy phase, are expected 
to be used together with current antibiotics or drugs for improved 
treatment based on the common principle of targeting both growing 
bacteria or cells and non-growing persisters.^'" This is exemplified in 
the case of INH (which kills growing bacteria) and PZA (which kills 
persisters) for TB treatment (Figure 1). However, it is preferable that 
the drugs in combination interfere with different pathways in the cells 
and kill different cell populations to optimize the potential for killing 
of persisters. 

A second approach would be to 'wake up' or alter the metabolic 
status of persisters,*'** so they respond to antibiotic treatment. 
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Although resuscitation factors have been found for bacteria, ' they 
have not been used therapeutically in animal models to demonstrate 
feasibility. Recently, metabolites, such as glucose, glycerol and rela- 
tively less efficient carbon sources (mannose, fructose, sorbitol, py- 
ruvate, lactate and acetate), and nucleotides, such as thymidine, uridine 
and inosine, have been shown to potentiate activity of aminoglycoside 
activity for persisters in vitro.^^ Such an approach needs to be validated 
in animal or human studies in the future. 

A third approach would be to enhance the activity of current anti- 
biotics by certain agents to kiU some persister ceUs.^""^^ For example, 
aspirin, ibuprofen and iron have been shown to enhance the activity of 
the persister drug PZA against M. tuberculosis?'^'''^ In addition, sugar 
mannitol can enhance the killing activity of persisters by aminoglyco- 
side antibiotics through stimulating the proton motive force needed 
for increased uptake of the antibiotic in the mouse model of urinary 
tract infection.'^ However, it is unclear whether mannitol works 
through its diuretic effect to wash off the bacteria more effectively 
by increasing the amount of urine and/or through its effect on enhan- 
cing the uptake of aminoglycoside. In addition, this is a highly specific 
case, and the sugar only increases the activity of aminoglycosides but 
not other antibiotics. Furthermore, it remains to be seen whether the 
use of mannitol is effective in patients. A related approach to enhan- 
cing the effectiveness of the existing antibiotics in killing persisters is to 
increase ROS production.'^ Recently, it has been shown that silver, 
which produces ROS, enhanced the activity of vancomycin, improving 
the treatment of bacterial infections in mice.''' In addition, 3-[4-(4- 
methoxyphenyl)piperazin-l-yl]piperidin-4-yl biphenyl-4-carboxylate 
(ClO)''^ and (Z)-4-bromo-5-(bromomethylene)-3-methylfiiran-2(5H)- 
one (BF8)'^ were found to convert antibiotic tolerant persisters to an 
antibiotic sensitive phenotype. It remains to be determined how the 
compounds work and whether they can be used to resuscitate persisters 
for improved treatment of persistent infections. 

The fourth approach would be to harness the host immune system 
to control persisters and cancer stem cells through enhancing innate 
and acquired immunity in the form of immune-modulating cytokines 
or immunotherapeutic vaccines that encompass antigens from both 
growing cells and non-growing cells (persisters and cancer stem cells). 
For example, inclusion of antigens from both growing bacteria 
(Antigen 85 and ESAT-6) and dormancy antigen Rv2660c or HspX 
from M. tuberculosis could enhance vaccine efficacy in prophylactic 
and therapeutic vaccines in animal models.'^ Combined immu- 
notherapy with chemotherapy for persisters should also be explored 
for improved treatment.'*''' 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Despite significant progress in our understanding of persisters in 
recent years, much remains to be learned about the biology of persis- 
ters. Classical genetic approaches have identified multiple genes and 
pathways that are involved in persister formation or survival. 
However, there are some limitations with the classical genetic mutant 
approach due to problems of compensatory mutations and with the 
reductionist approach of looking at one gene at a time. With the 
application of the 'omics' (transcriptome, proteome, metabolome, 
epigenome) and next- generation sequencing techniques including 
Tn-seq,'"" new knowledge about persisters will undoubtedly be gained 
in the near future. Networks and systems biology approaches remain 
to be applied to the study of persister mechanisms. It is not enough to 
say that the whole is more than its parts in terms of persister mecha- 
nisms. More importantly, how different components interact in a 
dynamic manner in the context of systems biology to cause complex 



persister phenotypes needs to be addressed in the future. An even more 
crucial challenge is to understand what these complex data mean and 
whether useful intervention or treatment strategies can be derived 
from them. In addition, significant technical hurdles exist when apply- 
ing the 'omics' tools to single or rare true persister cells or mother cells 
due to lack of sufficiently sensitive techniques. For example, current 
single-cell techniques cannot yet identify the transcriptomic or pro- 
teomic profiles of an individual persister cell. In addition, future 
studies may need to explore new dimensions of persister mechanisms, 
including studying possible roles of bio-electromagnetic fields and 
information flow ('Qi' or flow of energy or life force) in cellular circuits 
that maintain viability of persisters in the context of thermodynamics 
as in dissipative systems. It is in this context that the relationships 
between stress, cell death, aging, persistence and longevity and the 
nature of life need to be investigated in the future. 

While most persister mechanistic studies have been performed 
mainly with E. coli, it is important to study the persister mechanisms 
in other bacterial pathogens. As an evolutionarily useful strategy to 
survive harmful stresses in the environment, the persister phenom- 
enon occurs not only in bacteria but also in all life forms (kingdoms). 
For example, persister phenomenon has been found in fungi,"" para- 
sites,'"^ cancer stem cells" and viral infected host cells.^^ It would be of 
interest to compare and contrast the common mechanisms among 
bacteria, fungi, parasites'"^ and viral (HIV,''^ HBV, HPV) infected 
host cells and cancer stem cells." 

It would be of interest to study the latent forms of the disease (i.e., 
latent infections) rather than just the advanced and complicated forms 
of the disease. Future studies by ecological approaches need to exam- 
ine the microenvironment of persisters and assess the environmental 
factors, as well as host factors (including role of host microbiota), that 
affect reactivation, progression and outcome of the disease. In addi- 
tion, it would be of interest to develop more sensitive diagnostic tools 
to detect dormant persister organisms in clinical specimens and in 
affected tissues. Moreover, it will be necessary to identify immune 
mechanisms that control latent infections. Such information will be 
useful for developing interventions based on altering the micro- 
environment needed for survival of persisters and developing immu- 
notherapeutic vaccines for their effective control. It is important to 
understand why some individuals are not cured while others are cured. 
Future investigations are needed to understand why some individuals 
seem to have chronic persistent and recurrent infections, whereas 
other individuals are cured by standard treatment in the context of 
varying degrees of host susceptibilities (defined in a broad sense not 
necessarily restricted by genetic factors) and bacterial persistence. 

It is important to establish more relevant models of persisters or 
persistence for mechanistic studies that are representative of in vivo 
situations, as well as developing drugs that kill in vivo persisters and 
improve treatment. It would be quite challenging to develop persister 
drugs as one ponders which model to use for drug screens, considering 
the diverse and variable nature of persisters as expressed in the Yin- 
Yang model (Figure 1).* The above problems with bacterial persisters, 
also apply to cancer stem cells,"''"^ and will be a major stumbling 
block for both fields and a major topic of interest for the future. The 
current in vitro models of persisters or cancer stem cells may have 
significant limitations and it remains to be seen if the data obtained 
in vitro can be validated in vivo in animal models or patients. 

There are currently significant debates, as well as interest, about 
persister mechanisms and drugs. To capture the current status of 
the field, it may be fitting to end the article with the parable about 
the blind men and the elephant. The elephant, which is analogous to 
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persisters or cancer stem cells, is described as a snake, a spear, a fan, a 
tree, a wall and a rope by blind men touching different parts of the 
elephant, which represent different models and pathways of persisters 
or cancer stem cells and are only partially right. This partial know- 
ledge, which largely results from the limitations of current methodo- 
logies, is not perfect and is an intermediate state of knowledge that is 
useful and acceptable with reservation. The ultimate test of this partial 
knowledge will be whether we can devise useful drugs and therapeutic 
strategies targeting persisters for improved treatment in the future. 
There is a convergence of interest in both the persister field and the 
cancer stem cell field to develop new drugs targeting the quiescent 
forms ('Yin') (i.e., persisters)^'^^'^^'^^ of cancer stem cells for improved 
treatment. The identified pathways in bacterial persisters 

could serve as potential targets for development of new persister drugs. 
From the prototype persister drug PZA, one may see the future of 
antibiotic and even cancer drug development. Future studies are 
needed to test whether drugs analogous to PZA that target persisters 
and cancer stem cells can improve treatment of persistent infections 
and cancers. 
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